We have investigated growth morphology of FePt/Pt films prepared by sputtering on a MgO ͑100͒ substrate in a temperature range of 100-600°C. The L1 0 ordered structure appeared at a low substrate temperature of 200°C and became a dominant phase via a second-order type transformation. A transition of FePt film growth morphology from continuous two-dimensional ͑2D͒ layer-by-layer mode into 3D island growth mode was observed at a substrate temperature of about 400°C. When the film grew in continuous mode the stress from lattice misfit played an important role in governing the growth morphology; while growing in island mode the thermal stress increasingly influenced it. The island structure revealed eightfold symmetry following the preferred process of elongating the channel length to broadening its width.
I. INTRODUCTION
Recently, stoichiometric FePt compound films have been extensively studied for the developments of novel magnetic and magneto-optical recording media due to their significantly large magnetic anisotropy 1,2 and magneto-optical Kerr rotation. 3, 4 It has been widely believed that their magnetic and magneto-optical properties are closely related with the L1 0 ͑CuAu I, fct͒ ordered phase, undergoing long-range chemical ordering from the A1 ͑fcc͒ disordered phase, when the growing temperature is higher than 300°C. [5] [6] [7] [8] Especially, growth and microstructure of FePt thin films concerning long-range chemical ordering have been intensively investigated to understand the relationship with magnetic anisotropy, coercivity, corrosion resistance, and energy products BH. [8] [9] [10] [11] [12] [13] Previous studies have focused on FePt thin films having continuous film structure for the purpose of technological application.
Basically, there is a large lattice mismatch of 8.5% between FePt thin film in the L1 0 ordered phase and the MgO ͑100͒ substrate. In order to avoid this large mismatch a Pt underlayer [5] [6] [7] 14, 15, 16 has generally been adopted with varying thickness and structural orientation, even though a lattice mismatch of 7.3% still remains between the Pt underlayer and MgO substrate. Through the stress relaxation process there exists a high density of dislocations in the Pt underlayer or two kinds of defects such as twins and antiphase boundary 2, 12 in the FePt layer. Substrate temperature is generally expected to influence growth morphology of FePt thin film as well as the Pt buffer layer, but few studies have addressed its effects on growth morphology of the films.
In this study, we have intensively investigated the effects of substrate temperature on growth morphology of FePt thin films sputtered on a MgO ͑100͒ substrate predeposited with a Pt buffer layer in a temperature range of 100-600°C by means of atomic force microscopy ͑AFM͒, scanning electron microscopy ͑SEM͒, x-ray diffractometry ͑XRD͒, transmission XRD ͑TXRD͒, and two-dimensional ͑2D͒ fast Fourier transform ͑FFT͒ methods. In this article we report our observation that an island structure of FePt/Pt thin films is formed over a substrate temperature of 400°C at which stress in the FePt layer transforms from tensile into compressive via stress relaxation caused by a smaller contacting area between the FePt and Pt layers with the formation of the Pt island structure.
II. EXPERIMENT
Samples were prepared by dc magnetron sputtering from 2-in. diam Fe and Pt targets at an Ar sputtering pressure of 5 mTorr at a substrate-to-target distance of 13 cm. The Pt underlayer of 100 Å was predeposited onto the MgO substrate, immediately followed by deposition of a 500 Å FePt layer via cosputtering of Fe and Pt while maintaining constant substrate temperature. Samples were prepared at various substrate temperatures ranging from 100 to 600°C. A substrate holder made of a much lower conductive ceramic material than typical metals was used to slow down heat dissipation after sample preparation; this provided a postannealing effect, consequently helping to get the ordered L1 0 phase of FePt. 14 -16 The composition of Fe 50 Pt 50 thin film fabricated without a buffer layer under the same sample preparation conditions has been confirmed by several techniques such as energy dispersive analysis by x-ray spectrometry, Rutherford backscattering spectrometry, and energy-filtered transmission electron microscopy, and the composition turned out to be the same within a 1% difference.
Surface roughness of the samples was determined using an AFM ͑PSI. AutoProbe CP͒, while surface topology was investigated by means of a SEM ͑Philips. XL 30SFEG͒. The SEM images were analyzed using 2D FFT method to better understand island structures appearing at substrate temperatures over 400°C. XRD was performed to investigate the structure of the samples both in reflection and transmission a͒ Author to whom correspondence should be addressed; electronic mail: shin@kaist.ac.kr modes using Rigaku D/MAX-RC and RB diffractometers, which enabled determination of both normal-to-plane and in-plane d spacings.
III. RESULTS AND DISCUSSION
It was observed that growth morphology of FePt/Pt thin films was sensitively changed with substrate temperature. In Fig. 1 we present AFM images of representative FePt/Pt thin films prepared at three different substrate temperatures T s of 300, 400, and 500°C. As seen in the figure, the sample grown at T s ϭ300°C shows continuous film, reflecting 2D layer-by-layer growth in this sample. However, the samples fabricated at T s м400°C noticeably reveal island structure with a tendency that the island surface becomes rougher via channel deepening and the generation of smaller islands on the existing island surface. As shown in Fig. 2 , the quantitative measurement of the surface roughness using an AFM reveals that the root-mean-squared surface roughness R rms of the films grown at T s Ϲ350°C is of the order of a few Å without much dependence on T s , but it increases rapidly for T s м400°C. Therefore, it is believed from Figs. 1 and 2 that the growth mode of this system is changed from 2D layerby-layer growth into 3D island growth at a substrate temperature of about 400°C. For the samples having island growth structure we have determined the surface coverage of the film on the MgO substrate and the channel width between islands. Interestingly, although the island coverage is reduced almost linearly with substrate temperature, the channel width remains constant until 500°C, as shown in Fig. 3 . This result implies that island growth with channel elongation parallel and/or perpendicular with respect to the ͓100͔ direction of the substrate, rather than channel broadening, is energetically favorable.
The island-structure morphology of FePt/Pt thin films was further investigated by means of a 2D FFT method applied to the SEM images. Figure 4 shows the SEM images and their corresponding Fourier transform ͑FT͒ images of: ͑a͒ FePt/Pt thin films and ͑b͒ pure Pt films grown at different substrate temperatures, and also a ratio of contact area between FePt film and MgO substrate as a clue for lattice constant variations explained later. From the FT images one can obtain information on preferential growth orientation as well as symmetry of island distribution. The FT image of the sample grown at T s ϭ400°C reveals that channel formation is not preferable in the direction indicated by the dashed line toward ͓100͔ or ͓010͔ of the substrate. However, the FT images of the other samples grown at T s м450°C having island growth morphology vividly show eightfold symmetry of island distribution. In contrast, note that the FT images of pure Pt films of 100 Å reveal fourfold symmetry of island distribution, as shown in Fig. 4͑b͒ . 7 Therefore, the eightfold symmetry observed in Fig. 4͑a͒ is believed to ascribe to an existence of twinned FePt structure by considering the fact that the film has a high degree of texture along the fct ͓002͔ orientation as will be seen in Fig. 5 .
Temperature dependence of growth orientation of the films has been investigated by x-ray diffractometry using Cu K ␣ radiation. In Fig. 5 we plot the XRD intensities of the samples obtained from the -2 scans, together with representative bulk peak positions indicated by the arrows. As seen in the figure, XRD studies reveal that the growth behavior of the FePt films is very sensitively dependent on substrate temperature. For T s Ͻ200°C, only the peak corresponding to the ͑200͒ spacing of fcc disordered FePt is developed without any superstructures peak of the ordered phase, indicating that the disordered phase exists solely in this temperature range. It is evident that the ͑001͒ and ͑003͒ superstructure peaks are progressively increased with substrate temperatures for T s у200°C, which evidences the presence of the long-range ordered L1 0 phase. Hence the disordered and ordered FePt phases are believed to coexist in the films prepared at substrate temperatures between 200 and 400°C. An increasing ͑002͒ ordered-phase peak accompanied by a decreasing ͑200͒ disordered-phase peak with substrate temperature reflects that the disorder-to-order phase transformation takes place with increasing substrate temperature. The question as to whether this phase transformation is a first-or second-order type is fundamentally interesting. 6, 7 Two distinct ͑002͒ Bragg peaks, corresponding to the ordered and disordered phases, are expected in a situation of the first-order transformation which proceeds via a nucleation and growth mechanism. The observation of a smooth and continuous variation from the disordered diffraction peak to the ordered one in our sample implies that the second-order transformation occurs by increasing the substrate temperature. Only the ordered phase seems to exist for the samples grown at T s у400°C, since the ͑200͒ diffraction peak of the disordered phase completely disappears. The major growth orientation of these films is along the tetragonal c axis normal to the film plane. However, the presence of small FePt͑200͒ and͑111͒ peaks imply the existence of minor structural domains with the tetragonal c axis in plane and inclined to the film plane, respectively. A similar observation was reported in MBE-grown FePt film with a thick Pt buffer layer. 8 Note that the Pt ͑200͒ peak disappears for T s у500°C. Considering the fact that our cross-sectional highresolution transmission electron microscopy studies could not distinguish the Pt and FePt layers of the films, the two layers seem to intermix via diffusion.
As seen in Fig. 6 the lattice constants of FePt are sensitively changed with substrate temperature. Figure 6 shows the temperature dependence of the normal-to-plane and inplain lattice constants of the ordered FePt film, determined from XRD and TXRD measurements with the inset figure for the c/a ratio of the FePt film. It should be mentioned that since the diffraction peak positions of the shape were slightly changed in different runs, the diffraction position of the MgO͑100͒ substrate peak was referenced to minimize the experimental error in determination of d spacing of the sample. The relatively large uncertainty of the lattice constant a of FePt films is ascribed to broad and low XRD intensities in the transmission measurements. Since the lattice constant of ordered bulk FePt is 1.7% and 8.5% smaller than those of Pt and MgO in the ͑001͒ matching planes, respectively, a tensile stress in the FePt film plane is generally expected if the lattice misfit in the matching planes is solely considered. A larger tensile stress would exist with an increase in the direct contact area between FePt and the MgO substrate, which might explain an increasing trend of the in-plane lattice constant a, together with a corresponding decrease of the lattice constant c, with substrate temperatures up to 300°C. The largest a and smallest c observed at 300°C is therefore ascribed to the largest contact area between FePt film and MgO substrate as clearly revealed in Fig. 4͑c͒ . As the substrate temperature is further increased above 300°C, the normal-to-plane and in-plane lattice constants are monotonically increased and decreased, respectively, which cannot be explained by only considering a lattice-misfit argument. By increasing the substrate temperature, the difference in the thermal-expansion coefficients between two adjacent layers becomes an increasingly important cause of stress. Tensile thermal stress is expected to generate in Fe Pt film due to a smaller thermal expansion coefficient of FePt than Pt and MgO. This tensile stress is commonly relieved by means of fracture, which is vividly witnessed in our FePt film prepared at T s ϭ400°C, as demonstrated in Fig. 4͑a͒ . It is worth noting that the lattice constants of the film prepared at this substrate temperature are the same as those of the L1 0 ordered structure. Since a larger thermal stress is expected with increasing substrate temperature, it is energetically favorable to minimize the contact area between FePt film and MgO substrate; this explains why smaller islands in Fig. 4͑a͒ with decreasing in-plane lattice constant in Fig. 6 is observed with increasing substrate temperature higher than 400°C. However, it is interesting to note that the volume of unit cell a 2 c remains relatively constant, independent of the substrate temperature range we have studied. Hence, the contraction in the film plane seems to accompany the corresponding expansion along the film normal and vice versa.
IV. CONCLUSIONS
Growth morphology of 500 Å FePt/100 Å Pt films grown by dc magnetron sputtering on MgO ͑100͒ substrate was investigated by varying the substrate temperature T s from 100 to 600°C. The growth morphology of the FePt film was shown in continuous 2D layer-by-layer mode until T s ϭ400°C, and it transformed into 3D island structure over the temperature via the preferred process of elongating the channel length to broadening its width. The L1 0 ordered phase appeared at low T s у200°C, and it developed from the disordered phase via the second-order transformation process until T s ϭ400°C, over which it became the dominant phase in the FePt film. At T s ϭ300°C, the highest tensile stress prevailed over the FePt films due to a larger contacting area with the MgO surface from the lattice misfit. As T s increases up to 400°C, such stress was relieved by fracturing where the lattice constants c and a resumed the bulk values of the L1 0 ordered structure. However, at T s Ͼ400°C, besides the stress from lattice misfit, thermal stress increasingly affected the island-structure morphology of FePt/Pt thin films. 16 
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